A new species (Mayoa portugallica genus novum species novum) of highly characteristic inaperturate, striate fossil pollen is described from the Early Cretaceous (Barremian-Aptian) of Torres Vedras in the Western Portuguese Basin. Based on comparison with extant taxa, Mayoa is assigned to the tribe Spathiphylleae (subfamily Monsteroideae) of the extant monocotyledonous family Araceae. Recognition of Araceae in the Early Cretaceous is consistent with the position of this family and other Alismatales as the sister group to all other monocots except Acorus. The early occurrence is also consistent with the position of Spathiphylleae with respect to the bulk of aroid diversity. Mayoa occurs in the earliest fossil floras (from circa 110 to 120 million years ago) that contain angiosperm flowers, carpels, and stamens. The new fossil provides unequivocal evidence of monocots in early angiosperm assemblages that also include a variety of key ''magnoliid'' lineages (e.g., Chloranthaceae) but only a limited diversity of eudicots.
A new species (Mayoa portugallica genus novum species novum) of highly characteristic inaperturate, striate fossil pollen is described from the Early Cretaceous (Barremian-Aptian) of Torres Vedras in the Western Portuguese Basin. Based on comparison with extant taxa, Mayoa is assigned to the tribe Spathiphylleae (subfamily Monsteroideae) of the extant monocotyledonous family Araceae. Recognition of Araceae in the Early Cretaceous is consistent with the position of this family and other Alismatales as the sister group to all other monocots except Acorus. The early occurrence is also consistent with the position of Spathiphylleae with respect to the bulk of aroid diversity. Mayoa occurs in the earliest fossil floras (from circa 110 to 120 million years ago) that contain angiosperm flowers, carpels, and stamens. The new fossil provides unequivocal evidence of monocots in early angiosperm assemblages that also include a variety of key ''magnoliid'' lineages (e.g., Chloranthaceae) but only a limited diversity of eudicots.
fossil angiosperms ͉ angiosperm evolution ͉ striate pollen ͉ zona-aperturate pollen ͉ extinctions E xtant monocotyledons (monocots) are a diverse group of flowering plants that include orchids, lilies, palms, sedges, grasses, gingers, and many other groups. Together they comprise about one-fifth of the extant angiosperm diversity and include 50,000 species (1) . Despite their diversity, monocots have long been recognized as a natural group, and this is borne out by modern phylogenetic studies of both morphological and molecular sequence data (e.g., refs. [2] [3] [4] . Based on their evolutionary distinctiveness, it has long been assumed that monocots diverged very early in angiosperm evolution (5, 6) ; however, direct fossil evidence from the earliest phases of angiosperm evolution has remained sparse (1) . According to Gandolfo et al. (7) the first unequivocal monocot fossil is from the Turonian (Late Cretaceous, 93.5-89 million years ago).
Recent phylogenetic analyses based on extensive, combined sequence data from the chloroplast and nuclear genomes resolve monocots as part of a polychotomy with several magnoliid lineages (Piperales, Chloranthaceae, Laurales, Magnoliales, and Winterales) (4) . Sometimes included in this polychotomy are Ceratophyllum and eudicots, which comprise the bulk of angiosperm diversity. Only a small number of relatively species-poor magnoliid lineages diverge below this point [Amborellaceae, Nymphaeaceae, and Austrobaileyales (Illiciaceae, Schisandraceae, Trimeniaceae, Austrobaileyaceae)] (4, 8, 9) . This pattern of relationship is consistent with the idea that monocots diverged and began to diversify at an early stage in angiosperm evolution.
Estimates of the age of monocot lineages incorporating molecular clock assumptions imply that about six major lineages of monocots had differentiated in the Early Cretaceous 100 million years ago (10) . Other studies have dated the divergence of monocots from other angiosperms at Ϸ140-150 million years ago (11) . Although recent studies of well preserved fossil flowers have extended the history of many magnoliid and some eudicot lineages into the Early Cretaceous (12) (13) (14) , this has not been possible for monocots.
Fossils of diverse monocots are known from the Late Cretaceous and earliest Cenozoic (1, 7, (15) (16) (17) (18) , but the best evidence for monocots in the Early Cretaceous is provided by pollen assigned to Liliacidites (19, 20) , fragmentary leaf remains assigned to Acaciaephyllum (19) , and the Pennistemon plant, comprising stamens with in situ pollen and carpels (21) . In all these cases, the relationship to monocots is not fully secure, especially the relationship to particular subgroups of monocots.
Here we report on a distinctive pollen type, referable to the Araceae, that extends the fossil history of an extant family of monocots into the earliest fossil assemblages containing well preserved angiosperm stamens and carpels.
Materials and Methods
Geological Occurrence. The fossil specimen described here is from a large open-cast clay pit situated in the northeastern outskirts of Torres Vedras Ϸ1 km northeast of Forte de Forca on the road toward Sarge (39°06Ј13ЉN, 9°14Ј47ЉW, Carta Geológica de Portugal Torres Vedras 30C) (22) in the Western Portuguese (Lusitanian) Basin. The locality has now been overtaken by town development, but until recently it showed a thick sequence of Lower Cretaceous clastic sediments. According to Rey (23) , the sedimentary sequence in this area belongs to the Lugar d'Almen Formation, the Fonte Granda Formation, and the Almargem Formation. The Almargem Formation is divided into an upper and a lower member separated by a ferruginous crust. Rey (23) assigned the lower member to the Late Barremian-Early Aptian (Bedoulian) and the upper member to the Aptian (Gargasian). Subsequent stratigraphic correlations indicate that the upper member may be of Late Aptian-Early Albian age (24) or Early to Late Albian (25) . Sample 44, which yielded the fossil specimen described here, was collected from a sandy, lignitic horizon just below the ferruginous crust in sediments corresponding to the basal member of the Almargem Formation, indicating a Late Barremian-Early Aptian age.
Preparation. Plant fossils were isolated from the sediment by sieving in water. Adhering mineral matrix was removed by treatment with HF (40%) and HCl (10%) followed by rinsing in water. The material was then air dried and sorted under a binocular microscope (Zeiss Stemi SVII). The fossil was mounted on an aluminum stub with nail polish, coated with gold for 60 sec, and studied by using a Hitachi Field Emission scanning electron microscope (SEM) at 1-2 kV. After SEM documentation, a small piece was removed for ultrastructural studies, dehydrated in an ethanol-propylene oxide series, embedded in Epon, and sectioned at 500-700 Å. Sections were stained with uranyl acetate and lead citrate and studied by using a FEI Morgagni 268D transmission electron microscope (Eindhoven, The Netherlands). The preparations are in the paleobotanical collections of the Swedish Museum of Natural History. Fossil Assemblage. Most of the organic residue from sample 44 consists of unidentifiable charcoalified or lignitized plant fragments. Nevertheless, the f lora is quite diverse and includes megaspores, conifer twigs, and dispersed angiosperm fruits, seeds, and stamens. There are also a few inf lorescence fragments with f lowers. Approximately 15 different kinds of angiosperm pollen have been identified from stamen fragments and small coprolites. All are monoaperturate or inaperturate, indicating a relationship with magnoliids (sensu lato) and monocotyledons. More precise systematic assignments are problematic, but the sample does contain pistillate f lowers and stamens with Asteropollis pollen that closely resemble extant Hedyosmum (Chloranthaceae) (12) .
Systematics
Description and Comments on the Fossil Material. The fossil pollen occurs in large masses attached to a small, elongate, cutinized fragment with a length of Ϸ1.2 mm and a width of 0.3 mm. The structure has faint, irregular ridges, but preservation is too poor to allow definitive interpretation of flower or inflorescence structure. Pollen occurs abundantly over the whole surface of the cutinized fragment and is well preserved (Fig. 1 ).
All grains are strongly compressed. They are inaperturate, elliptical in outline, and Ϸ20-23 ϫ 15-18 m in size (measured on scanning electron micrographs) with rounded or slightly pointed ends. The lack of an aperture makes orientation of the pollen problematic. The surface of the grains is distinctly striate (polyplicate) with uniform, straight, closely spaced ribs (muri) separated by narrow grooves (striae) ( Fig. 1 B-I) . The striations form a distinct pattern: The two sets of ribs on the different sides of each pollen grain run perpendicular or somewhat oblique to one another. Each set of ribs covers approximately half of the grain, and the grains are typically compressed in such a way that the two sets face in opposite directions ( Fig. 1 B and C) . The two sets of ribs cross at angles ranging between 45°and 90°, and in many grains both sets are visible ( Fig. 1 C-F and H). Each set of ribs is slightly longer than the long axis of the grains, and the two points from which the ribs diverge usually extend onto the opposite surface ( Fig. 1 D-F ). There are Ն30 ribs on each side of the grain. Bifurcations are sparse but occur most frequently near the divergence points where the number of ribs is Ϸ10. The threedimensional form of the grains is reconstructed in Fig. 2 .
Each rib is Ϸ0.5-1 m wide with a nearly flat, smooth outer surface. The ribs are solid in cross section and Ϸ1 m high ( Fig. 1I) . Laterally, and also on the inner surface, there is a very thin granular or, rarely, weakly columellate layer ( Fig. 1 H and I) . Most specimens show a thin, (Ϸ0.025 m thick), continuous granular layer extending below the ribs ( Fig. 1 G and H) . Transmission electron micrographs show that this granular layer is a typical, darker-staining endexine (Fig. 1I ). The pollen wall including the endexine often splits between the ribs, and all ribs may be detached from one another except at the divergence points.
Relationships. In the absence of other features, the phylogenetic relationships of the fossil material must be determined solely on the basis of the distinctive structure of the pollen. Compared with pollen of angiosperms and other seed plants, the most distinctive features of this pollen are its inaperturate condition, the crossed pattern of narrow, straight ribs, and the easily detached ektexine that rests on a thin, inconspicuous granular endexine.
Pollen with distinctly ribbed ornamentation is widespread in angiosperms and also in the Gnetales (26) . The two genera of Gnetales (Ephedra and Welwitschia) that have ribbed pollen are both quite different from the fossil. Both genera have a much more distinct granular infratectal layer that also fills out the central part of the ribs and a thick, distinctly laminar endexine that is well preserved in gnetalean fossils (27) . Based on these features a relationship to Ephedra and Welwitschia can be excluded.
Among angiosperms, eudicot pollen is fundamentally different from the fossil material, and a relationship to this large group of angiosperms can be excluded. Among magnoliids, inaperturate and striate pollen is known in Hortonia (Hortoniaceae) and Dahlgrenodendron (Lauraceae). Both differ from the fossil in that they have striations that extend between two divergence points in a single direction, and they lack an inner layer (foot layer and endexine) below the ribs (28-30). Pollen of Dahlgre-nodendron also has much coarser, slightly undulating anastomosing ribs characterized by abundant, minute perforations. The tectum in Dahlgrenodendron also forms an irregular, reticulate pattern at the points of divergence (31). In Hortonia the striations are spiral. The ribs are hollow, formed from rope-like cylindrical strands, and has covered by very fine spines (28, 30) .
Among monocots, inaperturate pollen with prominent striae occurs in both Araceae and Zingiberaceae (32) . Striate pollen of Zingiber (section Cryptanthium) is distinguished from the fossil in that Zingiber pollen has a distinctly or weakly spiral arrangement of the ribs and has exceptionally large (110-135 m long) grains (33) . The exine is also only weakly developed and susceptible to acetolysis, which also removes the thick intine (32) . Low resistance of exine to acetolysis is thought to correlate with low fossilization potential (29) .
Among Araceae, inaperturate, striate pollen occurs in two subfamilies: Monsteroideae and Aroideae sensu Mayo et al. (34) . In Monsteroideae these features occur together in both genera of Spathiphylleae (Holochlamys, Spathiphyllum), whereas in Aroideae they occur in Thomsonieae (Amorphophallus, Pseudodracontium), Arisareae (Arisarum), Ambrosineae (Ambrosina), Colocasieae (Colocasia pro parte, Protarum, Steudnera), and Pistieae (Pistia) (35) .
Pollen of Amorphophallus and Pseudodracontium (Thomsonieae) has been surveyed in detail based on 269 collections representing 145 species of Amorphophallus and seven species of Pseudodracontium (36) . Grains are striate in all species of Pseudodracontium and in 67 species of Amorphophallus. In Pseudodracontium the ribs terminate at the ends of the grains in distinct, psilate caps, a feature not seen in the fossil material. Wall stratification in these two genera is also very different from that in the fossil material. In both genera, the pollen wall has a thick acetolysisresistant inner layer, interpreted as endexine (32, 36) , and an acetolysis-susceptible outer layer that forms the ribs. van der Ham et al. (36) interpreted the ribs as formed from ektexine, whereas Hesse et al. (32) noted that ektexine is lacking in both Amorphophallus and Pseudodracontium. In the fossil it is the ribs that are well developed and robust after fossilization, whereas an inner layer is either thin or absent. In addition, neither Amorphophallus nor Pseudodracontium shows the characteristic crossed arrangement of the ribs seen in the fossil material.
Striate pollen of Ambrosina (Ambrosineae) and Arisarum (Arisareae) is similar to pollen of Amorphophallus and Pseudodracontium. In both genera the pollen has a thick, spongy endexine and ribs that are acetolysis-susceptible (32) . In addition, in Ambrosina the relatively broad ribs are covered with numerous, fine perforations, whereas in Arisarum the ribs are linked to each other laterally by a perforate layer as in some species of Amorphophallus (32) .
Striate pollen of Pistia (Pistieae) has narrow ribs, each with a sharp, angular profile. The ribs extend in one direction between two poles. The pollen wall consists mainly of a thick, spongy endexine, and ektexine is lacking. The ribs are acetolysissusceptible (37) , have low fossilization potential (32) , and are not comparable to the resistant ribs of the fossil pollen.
Protarum and Steudnera (Colocasieae) both show crossed sets of ribs on the opposite faces of the pollen, as seen in the fossil material; however, the pollen wall is quite different. Pollen of Steudnera lacks ektexine, and the endexine is thick and spongy (32) . Given that Protarum is systematically close to Pistia and Steudnera (34, 38) it is likely that its pollen wall is also similar.
The strongest resemblance between the fossil pollen and pollen of extant Araceae is with the two very closely related genera of Spathiphylleae: Spathiphyllum and Holochlamys. Both have inaperturate, striate pollen of medium size (mean size, 32 and 33 m, respectively). The pollen wall consists mainly of acetolysis-resistant ribs (formed from ektexine), a very thin, granular (Holochlamys) to weakly columellate (Spathiphyllum) infratectal layer, and a very thin granular endexine (32) . Pollen of some species of Spathiphyllum has very fine ribs similar to the fossil, but in those species surveyed (35) , the ribs run in only one direction extending between two distinct divergence points. In Holochlamys the same crossed pattern of ribs is present as in the fossil material. The ribs radiate from two pairs of more or less asymmetrically placed divergence points.
Holochlamys comprises a single species (Holochlamys beccarii) mainly restricted to the island of New Guinea, but extending into New Britain (34) and west to Sumatra (J. Bogner, personal communication). Spathiphyllum is more diverse (Ϸ41 species) and is disjunct between the Neotropics and Southeast Asia. Holochlamys and Spathiphyllum are very closely related, and the former may be nested phylogenetically in the latter (S. J. Mayo, personal communication). Holochlamys is distinguished from Spathiphyllum mainly by its deliquescent and clasping spathe, as opposed to a persistent and fully expanded (rarely arched) spathe. Holochlamys also has a unilocular ovary with a basal placenta, rather than an ovary with three (or more rarely two or four) locules and axile placentation. Ovules are also more numerous in Holochlamys.
The similarity between the fossil material and Holochlamys is striking based on distinctive palynological features that are not widespread among seed plants; however, in the absence of information on other parts of the plant, we refrain from assigning this material to the extant genus. Nevertheless, we conclude that the fossil pollen provides the first unequivocal evidence of araceous monocots in the Early Cretaceous and indicates the presence of subfamily Monsteroideae, specifically the tribe Spathiphylleae. This proposed relationship will be tested as other parts of this plant, and similar fossils, are discovered by future paleobotanical work.
Mayoa. Friis, Pedersen et Crane genus novum.
Derivation of generic name. In honor of Simon J. Mayo in recognition of his contributions to understanding the diversity of Araceae. Generic diagnosis. Pollen inaperturate. Surface of pollen wall is striate with densely spaced ribs (muri) separated by narrow grooves (striae). Ribs are arranged in a distinctive pattern in which two sets of ribs each radiate from a pair of divergence points. Main axes of the two sets of ribs are at an angle of 45-90°t o each other. Pollen wall is thin and consists of an outer exine of solid ribs supported by a very thin granular infratectal layer and an inner thin granular endexine that forms a continuous layer under the ribs. 
Discussion
Monocot Diversification. It has long been recognized that monocots diverged from other angiosperms very early in flowering plant evolution, but decisive paleobotanical evidence of monocots from the earliest phases of angiosperm evolution has been sparse (1, 21, 39) . The recognition of pollen closely resembling that of Holochlamys from the Torres Vedras locality indicates that some differentiation of Araceae was already under way by the late Early Cretaceous. Together with the position of aroids in monocot phylogeny, the discovery provides the clearest evidence yet that several lineages of monocots had already diverged and were undergoing diversification. Nevertheless, it is significant that the fossil material is not nested well inside the monocots. Instead, its relationships are within Araceae, which is the sister group to all other Alismatales. Alismatales are, in turn, the sister group to all other monocots except Acorus.
Within Araceae, Mayoa is most similar to Holochlamys and Spathiphyllum. These genera diverge near the base of a clade that contains the bulk of aroid diversity. Only Gymnostachyoideae (1 spp.), Orontioideae (7 spp.), and Lemnoideae (35 spp.) diverge below this point. Therefore, the phylogenetic position of Araceae and of Mayoa within the Araceae implies some, but not necessarily extensive, differentiation of extant lineages of Araceae and other monocots in the late Early Cretaceous.
Several other plant fossils from the Early Cretaceous of Portugal may be of alismatalean, or even araceous, affinity. At the Torres Vedras locality, another sample (Torres Vedras 149) has yielded pollen masses (probable coprolites) composed of distinctive zonaaperturate grains (Figs. 3 A-C) . The pollen is Ϸ30-35 m in diameter and circular to elliptical in the plane of the aperture, which extends for almost the full circle of the grains and separates the pollen into two shallow, almost equal, dome-shaped halves.
The pollen wall is Ϸ2.5 m thick. The tectum is psilatepunctate with perforations of varying size, shape, and density. The diameter of the individual perforations increases from the outside toward the inner surface of the tectum, giving this a more coarsely foveolate appearance. The inner surface of the tectum sometimes shows very faintly developed granulae, but there are no columellae, and the tectum is only loosely attached to the thick, smooth, homogenous foot layer. The pollen wall is thinner over the aperture and characterized by irregular exine elements. The endexine is granular, thin in nonapertural regions, and thickened under the aperture.
Pollen of this general form has been reported in several families of magnoliid angiosperms (Annonaceae, Atherospermataceae, Eupomatiaceae, and Nymphaeaceae) and monocots (Arecaceae, Araceae, Dasypogonaceae, Laxmanniaceae, and Rapateaceae) (40, 41) . Pollen with a punctate-foveolate tectum and an aperture that is equally wide for its full length is known only for members of the two araceous subfamilies: Monstereae (e.g., Monstera) and Zamioculcadeae (e.g., Gonatopus) (35, 41, 42) .
The Pennistemon plant described from the Early Cretaceous Vale de Agua and Buarcos localities in the Western Portuguese Basin also shows features seen among Alismatales, including Araceae. The plant is known from monocolpate and acolumellate, coarsely reticulate pollen (Pennipollis-type) found in situ in stamens of Pennistemon as well as on the surface of Pennicarpus fruits and in many coprolites (21) . Dispersed pollen of the Pennipollis type is widespread in Lower and mid-Cretaceous (Barremian? to Cenomanian or perhaps Turonian) sediments from low to midpaleolatitudes (21) . The reticulum is loosely attached to the foot layer by a very thin granular infratectal layer and the muri are ornamented with tiny spines. A similar kind of coarse reticulum, composed of spiny muri only weakly attached to the foot layer, occurs in Alismatales among certain Araceae (e.g., Anthurium) and Potamogetonaceae. However, Pennipollis is distinguished from these species of Alismatales in aperture configuration.
Other Fossil Araceae. Dispersed striate pollen assigned to the extinct genus Jugella from the Early Cretaceous of the Prikaspian Basin (Berriasian-Barremian) and Western Siberia (Barremian) were referred to the Araceae based on similarities with pollen of Spathiphyllum (43) . Jugella, however, differs from Spathiphyllum, Holochlamys, and Mayoa in being monocolpate. Similar monocolpate and striate pollen is also characteristic for Welwitschia (Gnetales), but the lack of ultrastructural details in Jugella precludes a closer assessment of its systematic position.
The Late Cretaceous record of Araceae is sparse. Monstereae are represented by an aerial stem with root scars and remains of leaf sheaths from the Maastrichtian of India (16) . In Europe, a suite of small Araceae seeds (similar to Epipremnum and Spathiphyllum) has been recovered from the Campanian-Maastrichtian Mira locality of western Portugal (E.M.F. and K.R.P., unpublished observation), and leaves (similar to Lysichiton) have been recorded from the Late Cretaceous (Early Campanian) Grünbach locality of Lower Austria (18) . From North America an orontioid inf lorescence with attached fruits and seed is known from the Late Cretaceous (Campanian) of Canada (J. Bogner, personal communication). Hickey ¶ also reported leaves of Pistia in Maastrichtian strata of Wyoming and Montana, but the material remains to be documented in detail.
By the Early Cenozoic there is clear paleobotanical evidence that Araceae were already diverse and widespread (1, 17, 34, (44) (45) (46) (47) . The European record is particularly rich and includes distinct zona-aperturate pollen similar to that of extant Monsteroideae (41), a variety of curved seeds related to Mon-steroideae and Lasioideae (44, 45, 48) , numerous seeds of Pistia (49) , and many araceous leaves (50) , including some similar to those of Lemnaceae (51) .
Ecology of Early Cretaceous Araceae. The recognition of a coprolite composed more or less exclusively of Monstera-like pollen provides evidence of insect feeding on putative Early Cretaceous araceous floral material. Coprolites containing only Pennipollis pollen are also known, implying pollen feeding in other putative early monocots. Other extrapolations about the ecology of Early Cretaceous Araceae must be based on inferences from the biology of extant taxa.
All Araceae are insect-pollinated and protogynous (34) , but pollination systems are diverse. The trap mechanisms of inf lorescences with unisexual f lowers have been investigated in detail (e.g., Arum), but pollination in genera with bisexual f lowers and simpler, spreading spathes is not nearly as well studied (34) . According to Grayum (35, 52) , striate and foveolate pollen is generally associated with unspecialized pollination biology. Inf lorescences of Spathiphyllum in Central and South America are visited by euglossine and trigonid bees (35, 53) . A recent compilation of pollinators and visitors to Spathiphyllum also lists chrysomelid beetles, drosophilid f lies, and tephritid f lies (54) .
Almost all extant Araceae require abundant water and generally high humidity. Today they are especially diverse and abundant in the humid tropics. Spathiphyllum and Holochlamys are mainly plants of shaded, wet sites in tropical, humid forest. They occur particularly along small streams, on riverbanks, and on rocks. This set of ecological preferences is consistent with the dimly lit, disturbed, forest understory habitats and͞or shady, streamside settings inferred for the ecology of early angiosperms. This inference is based mainly on studies of the morphology and ecophysiology of extant groups (Amborella, Nymphaeales, Austrobaileya, and Chloranthaceae) thought to have differentiated early in angiosperm evolution (55, 56) .
Biogeography. The recognition of fossil pollen that can be assigned to the Spathiphylleae in the Early Cretaceous of Southwest Europe has interesting implications for understanding the biogeography of Araceae. Several groups of Araceae show trans-Pacific biogeographic patterns and this is also the case for Spathiphylleae, which are present in the tropics of South America and Southeast Asia but not in Africa (57) . About three species of Spathiphyllum and the single species of Holochlamys occur in the eastern Indo-Malesian region, whereas Ϸ38 species of Spathiphyllum occur in the Neotropics, from Central America to Ϸ15°S (57, 58) . Spathiphyllum sect Massowia ranges from central and northern South America and Cocos Island across the Pacific to east Malesia (S. J. Mayo, personal communication). Such distributions have often been difficult to explain (57) . Recognition that the Spathiphylleae were once present in Europe close to the margin of the former Tethys Ocean implies that the trans-Pacific distribution is relictual in part, reflecting extinction in Europe, Africa, and other parts of the world. 
